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Two quantized charge pumps are operated in parallel. The total current generated is shown to be
far more accurate than the current produced with just one pump operating at a higher frequency.
With the application of a perpendicular magnetic field the accuracy of quantization is shown to
be < 20 ppm for a current of 108.9 pA. The scheme for parallel pumping presented in this work
has applications in quantum information processing, the generation of single photons in pairs and
bunches, neural networking and the development of a quantum standard for electrical current. All
these applications will benefit greatly from the increase in output current without the characteristic
decrease in accuracy as a result of high-frequency operation.
PACS numbers: Valid PACS appear here
Quantum metrology aims to redefine the Ampere in
terms of true invariants of nature. High-accuracy quan-
tized transport of electrons in semiconductor heterostruc-
tures is one potential solution that has gained wide atten-
tion in recent years1,2,3,4,5. The total current produced
in such a device is given by Itot = nef , where f is the fre-
quency of operation, n is the number of electrons trans-
ported per cycle and e is the elementary charge. For a
practical standard, a current of a nanoampere or above
with an accuracy of greater than one part per million
(ppm) is required. In a multiple tunnel junction device6,
an error of 15 parts in 109 was reported but the fre-
quency of operation was limited to f ≤ 20 MHz. The
level of current generated was shown to be sufficient for
a capacitance standard7 but too small to be a practical
current standard. Surface-acoustic-wave (SAW) driven
electron pumps8 produce higher currents, but their accu-
racy has not yet been demonstrated to better than one
part in 104. Square-wave driven charge coupled devices
(CCDs)9 fabricated in silicon operate at frequencies of
up to f = 100 MHz with a resulting current of ∼ 16 pA.
Higher currents would require better transmission of the
sharp pulses to the gates. More recently, J. P. Pekola et al
presented a scheme for generating quantised current in a
hybrid single-electron transistor comprising two normal-
metal leads and a superconducting central island, with a
potential accuracy of 10 ppb10. Preliminary experiments
showed quantisation limited to one part in 103 due to
subgap leakages11.
The first realization of gigahertz electron pumping
without the use of SAWs12 showed degradation in the
accuracy of the pumped current with an increase in the
operating frequency. At f = 547 MHz the accuracy was
approximately one part in 104. This approach was sub-
sequently simplified by Kaestner et al in the form of a
single parameter pump13. The inclusion of a perpendicu-
lar magnetic field14,15 greatly enhanced the confinement
of the electrons, leading to a reduction in the pumping
error mechanisms. Parallelization of multiple pumps has
been suggested as a possible solution to achieve the re-
quired accuracy and current for a standard16. A system
of multiple pumps in parallel would also have applica-
tions in neural networking where the output of one pump
is controlled by the throughput of another. If the paral-
lel pumps are made to deliver single electrons simultane-
ously from an n-type region to a p-type region then pairs
and bunches of photons could be generated at will. Our
scheme can be applied to produce an arbitrarily high cur-
rent at high accuracy and will lead to the development of
a quantum standard for current, with benefits in many
areas including quantum information processing where
the manipulation of individual charges is required.
In this Brief Report we present an experimental in-
vestigation of a system of two electron pumps operat-
ing in parallel. This was realized by simultaneously
forming two few-electron dynamic QD potentials in a
GaAs/AlGaAs high electron mobility transistor (HEMT)
heterostructure, where a two-dimensional electron gas
(2DEG) resides 90 nm below the surface. The 2DEG
had a mobility of 101.7 m2/Vs and an electron density
of 1.5 × 1015 m−2 at 1.5 K. We created two separate
mesas on the same chip, and for each mesa we defined a
quasi-1D channel by shallow wet chemical etching. The
QDs were created by applying voltages to surface finger
gates lying perpendicular to the channels. A scanning
electron microscope (SEM) image of the pumps is pre-
sented in Fig. 1. The red dots indicate the positions
at which the dynamic QDs were periodically formed.
The etched quantum wires were of lithographic width
w = 700 nm and length l = 2µm, each end opening
up to large areas of 2DEG where Ohmic contacts were
made. The surface finger gates were formed by evapora-
tion of Ti(10 nm)/Au(20 nm) using electron beam lithog-
raphy and standard liftoff techniques; they were of width
100 nm and pitch 250 nm.
The scheme for parallel pumping suggested in ref.16
requires the dynamic QDs to be in close proximity so
that each QD can be controlled by common gates. From
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2FIG. 1: (Color online) Scanning elec-
tron microscopy image of the device
and schematic of electrical connec-
tions. The source and drain reser-
voirs are linked outside the dilution
refrigerator. The same sinusoidal RF
voltage signal is used to drive both
pumps. Static offset voltages V entrance1
and V entrance2 are added to this RF sig-
nal.
FIG. 2: (Color online) Pumped current for the range of gate
voltages at which a quantized number n of electrons were trans-
ported per cycle of the RF signal. (a) and (b) show the nu-
merical derivative of the pumped current for pump 1 and pump
2 respectively in an applied field of B = 5 T. Annotations are
explained in the text. (c) and (d) show linescans across the first
plateau. The insets are magnifications of the plateau regions.
studies of these systems we found that having the two
QDs in such close proximity leads to a large amount of
crosstalk of the RF signal interfering with the nearby
pump, as well as intra-dot capacitive coupling. These
effects make it very hard to tune both pumps simultane-
ously. The suggestion of using common gates to control
many pumps in parallel is also disadvantageous as the
gate voltages necessary to exhibit quantized current are
shown in this work to be quite different for each pump.
We achieved parallel pumping through separating each
pump by a distance of dsep = 160µm and using sepa-
rately controllable gates to define each QD. The design
allows total independence in tuning the individual pumps
and we no longer suffer from the effects of crosstalk and
capacitive coupling.
To induce parallel pumping, static voltages V entrance1 ,
V exit1 , V
entrance
2 and V
exit
2 were applied, as indicated in
Fig. 1. The oscillating voltage signal V RF was split at
room temperature by a splitter, Sp, and used to drive
both pumps. This RF signal was added to the entrance
gate of each pump by means of bias tees, as shown. When
tuned correctly, a quantized number of electrons can be
captured from each source lead by the QDs and deposited
into the respective drain in every cycle of the RF signal.
These currents were added and measured using a Keith-
ley 6430 electrometer.
Figures 2(a) and (b) show the numerical derivative of
the pumped current as a function of each gate voltage
for pump 1 and pump 2 respectively. All measurements
were made in a dilution refrigerator at a temperature
of ∼ 40 mK. The RF signal was set to a frequency of
f = 340 MHz. A perpendicular magnetic field of B = 5 T
was applied. The plateaus that formed are the signature
of quantized current. Numbers in the plateaus corre-
spond to the number n of electrons transported per cycle
of the RF signal for those regions of gate voltage. The
dashed blue lines indicate the direction of linescans across
the first plateau for each pump. These linescans are pre-
sented in Figs. 2(c) and (d). The insets are magnified
plots of the plateau regions. At this B field, the plateaus
corresponding to one electron pumped per cycle had a
gradient which was smaller than its error. It can therefore
be said that the plateaus were flat to within the resolution
of the measurement system. With the electrometer set
to the 100 pA range this resolution was found to have an
upper limit of ∼ 0.7 fA, giving a current which is invari-
ant in gate voltage to better than 12 ppm at 340 MHz17.
Black dashed lines indicate the expected current I = ef
using the value of e recommended by the Committee on
Data for Science and Technology (CODATA).
For frequencies above 340 MHz the plateaus appeared
noticeably sloped. Figure 3 shows the first plateau for
pump 1 at a frequency of 340 MHz and 587.5 MHz. The
inset is a magnified plot of each plateau, normalized in
3FIG. 3: (Color online) Pumped current for the first plateau
at 340 MHz and 587.5 MHz. The inset shows the plateaus
magnified and normalized in gate voltage. The plateau at
587.5 MHz has been scaled to ef at 340 MHz for comparison.
gate voltage and scaled to ef at 340 MHz for compari-
son. This figure illustrates the motivation for this work.
The plateau at 587.5 MHz is clearly sloped, indicating
a marked increase in the error associated with pumping
at such a frequency. It is also clear that the plateau at
587.5 MHz is shorter than the plateau at 340 MHz, indi-
cating a reduction in the robustness.
Due to cable resonances we found that only narrow-
band frequency ranges showed sufficient transmission of
the RF signal to the gates in order to induce pumping.
All such frequencies above 340 MHz showed noticeably
sloped ef plateaus. At higher frequencies the potential
for nonadiabatic excitations of the confined electrons is
increased which is likely to have an adverse effect on the
quantization, leading to an increased probability for back
tunneling of the captured electrons to the source reser-
voir. When more than one pump is operated in parallel
at lower frequencies these nonadiabatic effects are sup-
pressed and a higher accuracy results.
In order to tune for parallel pumping we set gate volt-
ages V entrance2 and V
exit
2 such that pump 2 exhibited the
first plateau. These voltages are shown by the cross in
Fig. 2(b). We then repeated the sweep of the exit gate for
pump 1 shown in Fig. 2(c). The resulting pumped cur-
rent is presented in Fig. 4. When both pumps are tuned
to the first plateau a total current of 2ef (108.95pA) is
produced. With the electrometer set to the 1 nA range
the resolution of the measurement system was ∼ 2 fA,
so that the pumped current was invariant in gate volt-
age to better than 20 ppm. Janssen and Hartland18 have
demonstrated that the flatness of the quantized current
plateau is empirically related to the accuracy of quan-
tization. Through operating two pumps in parallel we
have therefore achieved the highest degree of quantiza-
tion reported to date in this current range.
It is observed from the inset of Fig. 4 that the absolute
FIG. 4: (Color online) Pumped current when both pumps are
operating in parallel. The total current produced is 2ef . The
inset is a magnified plot of the plateau region.
value of the plateau is slightly higher than expected. We
intend to measure the plateau value using a calibrated
current source to quantify and explain any real deviation
from the expected value indicated by the dashed black
line. This will be the subject of future work. Figure 4
demonstrates conclusive proof that two pumps can be
operated in parallel without loss of quantization.
In conclusion, we have demonstrated parallel pumping
using gated GaAs/AlGaAs dynamic QDs. Our scheme
involves spatially separating the pumps and controlling
them wth separate gates, overcoming technical issues per-
taining to a previously outlined scheme16 where it was
suggested that multiple pumps could be operated in close
proximity with common gates. Application of a perpen-
dicular magnetic field greatly improved the plateau flat-
ness, hence accuracy of quantization of the pumped cur-
rent, to better than 20 ppm. Using the scheme for par-
allelization outlined in this work, many electron pumps
could be operated in parallel without loss of quantiza-
tion, with the total output current limited only by re-
sources. This work demonstrates the operation of an
electron pump system with all the building blocks neces-
sary for realising an electrical standard for current based
on true invariants of nature.
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